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Introduction {#sec001}
============

Metastasis remains the main cause of cancer-related deaths, dissemination through the blood circulation being the frontier between favourable localised and unfavourable systemic disease\[[@pone.0163705.ref001]\].Circulating tumour cells (CTCs) are tumour cells shed from an existing primary tumour or from metastatic lesions that circulate in the peripheral blood of patients with solid malignancies\[[@pone.0163705.ref002]\]. The isolation of CTCs presents a significant challenge because: i) CTCs are rare events in blood (the estimation is just 1 CTC per \~10^7^ white blood cells per millilitre of blood); ii) the blood volume available for CTCs detection in the clinical routine is limited (7.5 mL blood); iii) there are no CTC-specific or universal markers. Although many advances have been made regarding the detection and molecular characterisation of CTCs, several challenges still exist precluding the clinical use of CTCs in early detection and their characterisation as an important tool to monitor and prevent the development of overt metastatic disease \[[@pone.0163705.ref003]\].

CTCs have developed several mechanisms to survive in the blood andreach distant organs. They can escape anoikis, travelling with blood cellsand forming aggregates. Moreover, to reach the blood circulation,CTCs undergoan epithelial-to-mesenchymal transition process (EMT) and mesenchymal-to-epithelial transition (MET), giving rise to thewide variety of CTC phenotypes that have been described in the bloodstream. Multiple isolation techniques have been developed in recent years\[[@pone.0163705.ref003], [@pone.0163705.ref004]\], the CellSearch^®^system being the only one cleared by the FDA for clinical use in patients with breast, colon and prostate cancer. CellSearch^®^only enumerates epithelial phenotype CTCs (CD45-, EpCAM+ and cytokeratins 8, 18 and/or 19+) in whole blood. CTCs are isolated magnetically based on EpCAM expression and subsequent immunofluorescence for cytokeratins and DAPI, discarding CD45+ cells,which allows the identification of CTCs always taking into account strict morphologic criteria. Nevertheless, CellSearch^®^ only detects a sufficient number of CTCs for clinical purposes in 40--50% of patients with disseminated carcinomas and is not indicated for all tumour types\[[@pone.0163705.ref005], [@pone.0163705.ref006]\]. Many other strategies for CTCs isolation have been proposed in recent years such as size exclusion or microfluidic devices; although much progress has been done in this field, there is no clinical validationandCTC isolation based onEpCAM expressionremains the standard\[[@pone.0163705.ref003], [@pone.0163705.ref007]\].

In carcinomas, the EpCAM expression pattern changes to intense membranous overexpression with cytoplasmic staining \[[@pone.0163705.ref008], [@pone.0163705.ref009]\]. During dissemination, epithelial tumour cells undergo profile changes to overcome intravasation, to survive in the bloodstream and to form secondary tumours. Due to EMT, some cells could lose theirEpCAM expression although they can express it again at the metastasis site during the MET process\[[@pone.0163705.ref010], [@pone.0163705.ref011]\]. In addition, there is a reduction of cell-cell adhesion and loss of apical-basolateral polarity. If at least a subset of CTCs undergoes EMT, whereby epithelial markers are downregulated, technologies reliant on EpCAM expression for CTC capture might fail to enrich an important subpopulation of cells. In fact,CTCs can express or co-express epithelial, mesenchymal or stemness markers. Although CTCs are of epithelial origin, the main feature of cells that are able to metastasise is overcoming the EMT process where each CTC has its own identity and could represent a different CTC subpopulation. Thus, other markers are needed for the isolation of CTCs from patients with cancer \[[@pone.0163705.ref012], [@pone.0163705.ref013]\]. Importantly, if different CTCs subpopulations could be separated, it would be useful for determiningspecific progression and invasion patterns in the metastasis process, each one with distinct clinical significance.

Here we emphasise thatthe idea that the isolation of CTCs based solely on EpCAM expression is limited, as CTCs with low or no EpCAM expression would be omittedduring isolation. Therefore, we have designed magnetic beads that can be coated with different antibodies whichrecognise antigens highly expressed in diversetumour types and phenotypes. As a novelty, we propose a multistep isolation method using customised magnetic beads which includes in addition toEpCAM other markers as Epidermal Growth Factor Receptor (EGFR) and Fibroblast Growth Factor Receptor (FGFR) for the isolation of CTCs from the blood samples of patients with metastatic colon, prostate, breast and endometrial cancer.

Methods {#sec002}
=======

Patients and samples {#sec003}
--------------------

Patients participating in the study were recruited at the University Complex Hospital of Santiago de Compostela (Santiago de Compostela, Spain). The ethical committee Autonomy Committee on Research Ethics (CAEI from the Spanish acronym *Comité Autonómico de Ética de Investigación*) of Galicia with the code CAEI 2014/126approved the study and the consent procedure. It was signed by all patients whom previously were provided with written and verbal information to participate in this study. Samples processing was carried out in accordance with the approved guidelines. Two 7.5 mL samples were collected from peripheral blood of patients with metastatic cancer in a CellSearch^®^ tube (Veridex, LLC, Raritan) and a EDTA tube. Peripheral blood mononuclear cells (PBMCs) were isolated from the EDTA tubes by Ficoll density gradient centrifugation (Sigma-Aldrich, St. Louis, MO, USA) according to the manufacturer's protocol; cell pellets were resuspended in 400 μL PBS-2% BSA- .05% Tween® 20.

The CellSearch^®^ analysis (Veridex, LLC) was performed by the Liquid Biopsy analysis Unit (Health Research Institute of Santiago, Spain) as described previously \[[@pone.0163705.ref014], [@pone.0163705.ref015]\],

Cell lines {#sec004}
----------

The following tumour cell lines were purchased from ECACC directly from Sigma-Aldrich:breast: MDA-MB-231\[[@pone.0163705.ref016]\](92020424), MCF7\[[@pone.0163705.ref017]\] (86012803); colon: HT29\[[@pone.0163705.ref018]\] (91072201), SW480\[[@pone.0163705.ref018]\] (87092801), SW620\[[@pone.0163705.ref018]\] (87051203); lung: A549\[[@pone.0163705.ref019]\] (86012804) and prostate: PC-3\[[@pone.0163705.ref020]\] (90112714); as well as endothelial cells: HUVEC (S200-05N) and leucocytes: Jurkat cells\[[@pone.0163705.ref021]\] (88042803).The brest cancer tumour cell HCC1937 lines\[[@pone.0163705.ref022]\](ATCC-CCL-247)and HCC1954\[[@pone.0163705.ref023]\] (ATCC CRL-2338) were purchased from ATCC; the endometrial cell lines HEC1A and HEC1A stably expressing the ETV5 transcription factor (HEC1A-ETV5) were previously described \[[@pone.0163705.ref024]--[@pone.0163705.ref026]\]. Medium for cell culture were obtained from Gibco (DMEM: SW480, SW620, A549, MCF7, MDA-MB-231, PC-3; McCoyy᾿s: HT29, HEC1A, HEC1A-ETV5; RPMI 1640: HCC1937, HCC1954,Jurkat), and from Lonza (Basel, Switzerland) (EGM-2: Huvec). The medium was supplemented with 10% FBS and 1% streptavidin-penicillin (Life Technologies, Carlsbad Ca, USA). Cells were maintained at 37°C in a 5% CO~2~ incubator. For selected experiments, we transduced MDA-MB-231 and SW480 cells with lentiviral transduction particles (turboGFP, Sigma-Aldrich) to establish cells that expressed green fluorescent protein (GFP); cells were further selected with puromycin (5 μg/mL) and checked by flow cytometry (96%).

Flow cytometry {#sec005}
--------------

Cells were kept in culture for 72 hours. Cells collected for flow cytometry were washed with 1x PBS, trypsinised, and resuspended in PBS-2% BSA-0.05% Tween® 20. One million (1 x 10^6^) cells were used for each labelling. The primary antibodies used were: anti-CD49f-PE (BD, Pharmigen, Franklin Lakes, NJ, USA); anti-EpCAM, anti-MUC1, anti-EGFR, anti-N-cadherin, anti-E-cadherin, anti-CD66a/c/e (Biolegend, San Diego, CA, USA); anti-EpHB4 and anti-claudin-3 (R&D Systems, Inc., MN, USA); anti-vimentin, anti-claudin-4, anti-ALDH1, anti-FGFR; secondary antibodies were Alexa488 and Alexa647 (Abcam, Cambridge, UK). Unlabelled cells and with only secondary antibody labelling were included in each independent assay and considered autofluorescent. Dead cells and debris were excluded from the analysis. Cells were analyzed in a FACs-Aria flow cytometer (BD Bioscience).

Immunofluorescence assay {#sec006}
------------------------

Immunofluorescence analyses were performed using cells fixed with 4% paraformaldehyde. The antibodies used were anti-pan-cytokeratin (4, 5, 6, 8, 10, 13, 18)-Alexa 488 (Exbio) and anti-CD45-PE (Exbio). Samples were incubated with Hoechst (Sigma- Aldrich) for nuclear staining and were visualisedunder a fluorescent microscope (AxioVertA1, Zeiss).

RNA extraction and quantitative real-time PCR (RT-qPCR) {#sec007}
-------------------------------------------------------

RNA purification was performed with a Qiamp Viral kit (Qiagen, Valencia, CA, USA) optimised for very low-cellularity samples. cDNA was synthesised using Super ScriptIII chemistry (Invitrogen, Carlsbad, CA, USA) according to the user's guide and subjected to pre-amplification with a TaqMan® PreAmp Master Mix kit (Applied Biosystems, Foster City, CA, USA) for 14 reaction cycles before proceeding to RT-qPCR. To measure the gene expression levels in CTCs isolated from EpCAM, EGFR and FGFR fractions, TaqMan Gene Expression Assays (Applied Biosystems) were used for 7 selected genes (E-cadherin, vimentin, *ALDH1*, *PROM1*, *ZEB2*, *SNAIL* and *CD45* as a marker of non-specific isolation). Values were analysed using StepOne Software v.2.1 (Applied Biosystems), normalised to *CD45* and represented as (40--ΔCt), whereby ΔCt = duplicate mean (CtTARGET--Ct*CD45*).

Preparation and characterisation of magnetic polymer beads {#sec008}
----------------------------------------------------------

First, oleic acid capped magnetite nanoparticles (OMN) were prepared by precipitation from two iron salts (FeCl~3~ and FeCl~2~) in the presence of ammonium hydroxide followed by the addition of oleic acid \[[@pone.0163705.ref027]\]. The OMN average size is 10 nm with a polydispersity index of 0.2 as determined by Transmission Electron Microscopy (TEM; TITAN® 200 Kv ChemiS TEM) and Dynamic Light Scattering (DLS) cumulant analysis (Horiba Scientific SZ-100) \[[@pone.0163705.ref028]\].

Polymer beads loaded with magnetite nanoparticles were prepared by mini-emulsion polymerisation. Aliquots of OMN stock suspension in cyclohexane were first dried and then homogeneously dispersed in a mixture of styrene (Styr), divinylbenzene (DVB), methacrylic acid (MA) and the polymerisation initiator azobisisovaleronitrile (ADVN) (mass ratio Styr: DVB:MA:ADVN = 76:13:10:1). This mixture was emulsified by sonication (Branson® Digital Sonifier® S250D, 2 min at 10% power) in an aqueous sodium dodecyl sulfate solution (SDS 2.5 wt%) and then the polymerisation process was carried out at 70°C for 18--24 h.

Beads with different magnetite content were obtained and characterised. Magnetite content was determined by thermogravimetric analysis (TGA/DSC1 STAR systems, Melter Toledo); average size was determined by DLS and confirmed by scanning electron microscopy (SEM; Quanta ESEM); magnetic parameters were measured using a Vibrating Sample Magnetometer (VSM, EV9; Micro-Sense), yield (wt%) was determined by weighing dried sediments (previous supernatant removal after magnetic isolation).

Polymer beads were prepared with SDS as a surfactant, which is very harsh on cells, and its elimination is required for cell studies. Nevertheless, complete removal of surfactant could compromise bead colloidal stability and cause the formation of aggregates. Taking this into account, several mediums compatible with viable cells and colloidally stable beads were tested for handling, of which Tween® 20 solution (0.05 w-t%) was found to be the best. Polymer beads were washed up to 4 times (using magnetic separation) and the size was measured. In addition, the colloidal stability of surfactant-formulated polymer beads during storage (at room temperature) was monitored for 16 months.

Functionalisation of magnetic polymer beads {#sec009}
-------------------------------------------

Once the polymer beads were prepared, the next step was to functionalize them and study their interaction with EpCAM-, EGFR- and FGFR-expressing cancer cells.

The carboxylic groups of MA on the surface of the magnetic polymer beads were activated using two reagents:1-ethyl-3-\[3-dimethylaminopropyl\] carbodiimide (EDC) and N-hydroxysulfosuccinimide (Sulfo-NHS) in the presence of Tween® 20 (as a dispersing agent) for 15 min at room temperature. After incubation, these reagents were removed very quickly (centrifugation at 22000 rpm for 10 min) in order to avoid bead aggregation. This activation enables reaction with primary amines to form amide bonds. The activated magnetic polymer beads were incubated with proteins (protein A or albumin) for 3 h at 4°C to allow binding of the proteins to the surface of the beads.

After protein A coating, the beads were incubated with the following selected antibodies (of mouse origin): anti-EpCAM (Biolegend), anti-EGFR (Dianova, Hamburg, Germany) and anti-FGFR (Abcam) which were efficiently attached to the surface of the beads for the cell studies.

Isolation assay {#sec010}
---------------

In each independent assay we spiked cells in incubation buffer (PBS-2% BSA-0.05% Tween® 20) and mixed them with magnetic beads for 1 h at 4°C under orbital rotation. Isolation was carried out with a magnet (Life Technologies) for 5 min. Recovery was measured in a haemocytometer (BlauBrand). The percentage is calculated taking into account the number of spiked cell and the number of isolated cells. When the initial number of spiked cells was low (under the detection limit of the haemocytometer), GFP-positive cells were used and counted by scouring dish under a fluorescence microscope AxioVertA1 (Carl Zeiss, Jena, Germany).

Cell Viability assay {#sec011}
--------------------

To determine cell proliferation of cells isolated with magnetic beads, AlamarBlue® (Life Technologies) was added to cells in a 96-well plate for 3 h at 37°C, 5% CO~2~ (1:10 final dilution in culture medium). Fluorescence was read on a FLUOStar Optima (BMG Labtech, Germany).

Statistical analysis {#sec012}
--------------------

Data are expressed as mean ± standard deviation (SD). The statistical analysis of the data was performed by using the statistical analysis software GraphPad Prism, version 6.01. The differences between MDA-MB-231 cells yielded using EpCAM- or EGFR-coated beads were analysed using the two-tailed Student's *t*-test. Comparisons within total CTCs isolated from patients with metastatic cancer and CTCs counted by CellSearch® and gene expression analysis were assessed using the Wilcoxon signed rank test(95% confidence intervals). Correlation analysis was performed using Spearman᾿s rank correlation coefficient. Kaplan--Meier method was used for survival analysis. Findings of *p* \< 0.05 were considered significant.

Results {#sec013}
=======

Characterisation of tumour cell lines {#sec014}
-------------------------------------

We first screened a large panel of markers, including EpCAM, for more effective isolation of CTCs from the peripheral blood of patients with metastatic cancer. We selected a panel of11 human tumour cell lines of 5 distinct tumour type origins, displaying cellular phenotypes representative of the heterogeneity of tumour cell populations([Table 1](#pone.0163705.t001){ref-type="table"}). This panel included colon tumour cell lines (SW480, SW620 and HT29); a lung tumor cell line (A549);breast tumour cell lines (MCF7, HCC1937, HCC1954 and MDA-MB-231); endometrial tumour cell lines (HEC1A and HEC1A-ETV5) anda prostate tumor cell line (PC-3).These tumour cell lines are all of epithelial origin; however, the SW620, MDA-MB-231 and PC-3 cell lines are from metastatic sites and have a more mesenchymal-like phenotype together with A549 and HEC1A-ETV5 cells\[[@pone.0163705.ref026], [@pone.0163705.ref029]--[@pone.0163705.ref032]\] ([S1 Table](#pone.0163705.s002){ref-type="supplementary-material"}). We next screened by flow cytometry this panel of cell tumour phenotypes with epithelial markers (EpCAM, E-cadherin, Muc1, claudin-3 andclaudin-4) or non-epithelial markers (N-cadherin, vimentin, CD66, EGFR, FGFR, EphB4,ALDH1 and CD49f). We further included an endothelial cell line and a lymphocyte cell line as negative controls. As shown in [Table 1](#pone.0163705.t001){ref-type="table"},vimentin, CD49f and claudin-3 were expressed in endothelial or lymphocyte cells, and were thus discarded for further characterisation of tumour cell phenotypes. N-cadherin, claudin-4, CD66, FGFR and ALDH1 demonstrated residual expression in the vast majority of the evaluated cell lines and/or suboptimal labelling in individual lines ([Table 1](#pone.0163705.t001){ref-type="table"}). Similarly, EphB4 was expressed at significant levels in MDA-MB-231, HCC1937, A549 and HT29 cells, while Muc1 was present at high levels only in SW480 cells ([Table 1](#pone.0163705.t001){ref-type="table"}). These markers did not demonstrate utility for the efficient isolation of the general heterogenic tumour cell populations examined in this study.

10.1371/journal.pone.0163705.t001

###### Summary of flow cytometry analysis.

![](pone.0163705.t001){#pone.0163705.t001g}

                   EpCAM   E-cadherin   Muc1    Claudin-3   Claudin-4   N-cadherin   Vimentin   CD66    EGFR    FGFR    EphB4   ALDH1   CD49f
  ---------------- ------- ------------ ------- ----------- ----------- ------------ ---------- ------- ------- ------- ------- ------- -------
  **SW480**        94.50   57.90        97.80   32.80       1.22        0.79         0.40       37.70   51.90   9.04    0.66    6.87    99.50
  **SW620**        60.00   9.21         15.50   28.40       3.61        0.15         3.56       4.84    0.22    2.10    0.07    0.16    99.90
  **HT29**         99.50   86.50        0.85    87.90       12.90       0.58         1.02       37.40   69.10   0.58    96.40   10.31   99.20
  **A549**         38.70   7.95         5.65    58.00       18.40       0.26         7.92       9.21    93.30   0.30    55.90   11.80   99.80
  **MCF7**         94.25   5.35         44.00   87.40       10.20       0.43         9.21       33.50   2.79    2.61    44.10   17.20   66.60
  **HCC1937**      99.50   58.05        42.10   27.80       5.83        0.29         3.12       38.30   93.80   0.07    61.30   19.10   87.50
  **HCC1954**      99.40   66.50        15.10   0.31        0.50        0.44         9.41       0.33    0.22     0.15   2.11    0.40    98.00
  **MDA-MB-231**   5.47    21.00        20.50   79.70       13.10       0.21         18.30      1.07    92.57   3.22    94.40   92.30   93.70
  **HEC1A**        92.30   90.80        2.28    9.59        1.70        1.23         2.50       0.77    97.10   12.70   0.10    9.76    98.60
  **HEC1A-ETV5**   93.30   75.80        0.65    48.70       0.01        51.50        1.92       15.20   95.00   2.86    12.80   3.23    98.50
  **PC3**          79.10   10.80        14.40   91.90       4.06        0.39         1.50       13.20   87.80   2.03    3.02    9.75    99.50
  **HUVEC**        1.09    5.30         0.42    3.40        0.34        1.70         0.21       0.11    0.29    2.23    0.29    2.33    99.90
  **Jurkat**       1.12    0.34         1.20    36.00       0.15        0.98         86.00      0.10    0.20    0.09    0.45    0.03    29.50

Listed proteins were analysedby flow cytometry in different tumour cell lines (colon: SW480, SW620, HT29; lung: A549; breast: MCF7, HCC1954, HCC1937, MDA-MB-231; endometrial: HEC1A, HEC1A-ETV5; prostate: PC-3; endothelial cell line: HUVEC and a lymphocyte cell line:Jurkat. Data represent % of cells with positive expression measured in 10000 cells per assay.

On the contrary, EpCAM and EGFR were found to be expressed at high rates (high percentage) and with moderate to high Median Fluorescence Intensity (MFI; [S1 Fig](#pone.0163705.s001){ref-type="supplementary-material"}) in most of the analysed tumour cell lines. Furthermore, the combination of these two markers demonstrates optimal complementarity for the efficient coverage of the different tumour cell phenotypes represented in the whole panel of 11 human tumour cell lines ([Table 1](#pone.0163705.t001){ref-type="table"}). The cell lines expressing low levels of EGFR expressed EpCAM at high percentages and vice versa: A549 (EpCAM, 38.70%; EGFR, 93.30%), MCF7 (EpCAM, 94.25%; EGFR, 2.79%), HCC1954 (EpCAM, 99.40%; EGFR, 0%), and MDA-MB-231 (EpCAM, 5.47%; EGFR, 92.57%). We thus concluded that EGFR could complement EpCAM for CTC isolation, so we selected these two markers for the preparation of the immunomagnetic beads and the subsequent CTCs purification studies. Moreover, to further validate the utility of EGFR and EpCAM for efficient CTCs isolation, we explored FGFR as an example of a marker expressed at low percentages in almost all tumour cell lines checked, which could represent a minority tumour subpopulation.

Preparation, characterisation and stability of magnetic polymer beads {#sec015}
---------------------------------------------------------------------

The size of the synthesised beads (with different Fe~3~O~4~ content) ranged between 125 and 190 nm, as determined by SEM ([Table 2](#pone.0163705.t002){ref-type="table"}; [Fig 1A](#pone.0163705.g001){ref-type="fig"}). In all prepared formulations, the final Fe~3~O~4~ content was higher than that estimated from the initial composition, which is attributed to the dissolution of MA in the aqueous phase and to incomplete polymerisation of Styr and DVB. There was good linear correlation (r^2^ = 0.9801) between the initial loading and the actual final loading ([Fig 1B](#pone.0163705.g001){ref-type="fig"}). Furthermore, higher initial Fe~3~O~4~ content leads to lower yields, i.e. the polymerisation process is less efficient and a higher amount of monomers remains dispersed in the aqueous phase and is discarded during washing and magnetic isolation.

![**A)** SEM image. **B)** Yield and initial Fe~3~O~4~ content versus actual Fe~3~O~4~ content (wt%). **C)** Plot of magnetisation versus applied magnetic field for beads.](pone.0163705.g001){#pone.0163705.g001}

10.1371/journal.pone.0163705.t002

###### Characteristics of magnetic beads, including Fe~3~O~4~ content (TGA,wt%); average diameter (SEM); Yield(wt%) and saturation magnetization (Ms).

![](pone.0163705.t002){#pone.0163705.t002g}

  Initial Fe~3~O~4~ Content (wt,%)   Actual Fe~3~O~4~ Content TGA (%)   AverageSizebySEM (nm)   Yield (wt,%)   Ms (emu/g beads)
  ---------------------------------- ---------------------------------- ----------------------- -------------- ------------------
  28                                 56                                 148                     32             34.09
  23                                 44                                 142                     33             25.80
  20                                 32                                 176                     48             18.81
  16                                 26                                 130                     54             14.50
  13                                 17                                 126                     67             9.51
  10                                 14                                 187                     73             8.09

The saturation magnetisation (Ms) of the magnetic beads was proportional to the actual Fe~3~O~4~ content. Furthermore, all of the magnetic particles were in a superparamagnetic state and no hysteresis was observed; i.e. both remanence and coercive force values were zero, which is favourable to avoid aggregation of the assembly \[[@pone.0163705.ref033]\] ([Fig 1C](#pone.0163705.g001){ref-type="fig"}).

The colloidal stability of magnetic polymer beads with the highest Fe~3~O~4~ content (52 wt%, 44 wt%, and 32 wt%) was tested in Tween® 20 solution (0.05 wt%). The magnetic polymer beads were washed four times and their size was measured initially and after each washing step. In [Fig 2A](#pone.0163705.g002){ref-type="fig"} the results are reported as the ratio of the bead diameter after each washing (Df) step divided by the initial diameter (Di), namely, (Df/Di). Beads with 44 wt% or 32 wt% were stable along all washing steps ([Fig 2A](#pone.0163705.g002){ref-type="fig"}). Taking into account these results, the sample of beads with 44 wt% Fe~3~O~4~ content was chosen for functionalisation and subsequent studies with CTCs. Batches with different Fe~3~O~4~ content (52 wt%, 44 wt% and 32 wt%) were stable for at least 16 months under storage at room temperature, showing no aggregation and retaining their functionalisation capability ([Fig 2B](#pone.0163705.g002){ref-type="fig"}).

![**A)** Df/Di (final diameter/initial diameter) ratio after several washing steps of magnetic beads. **B)** Df/Di ratio of beads after serial 4 months storage period.](pone.0163705.g002){#pone.0163705.g002}

In general, after the functionalisation process around 68--80% of the surface of polymer beads was covered by protein (determined by indirect quantification in supernatant using fluorescence or colorimetric methods) \[[@pone.0163705.ref028]\].

Magnetic beads for cell isolation {#sec016}
---------------------------------

### Isolation of stable tumour cells using magnetic beads coated with antibodies {#sec017}

Once prepared, the specificity of magnetic beads coated with anti-EpCAM antibody waschecked in an EpCAM-positive cell line (SW480). For that, we performed a flow cytometry assay with anti-EpCAM magnetic beads or antibody alone using SW480 tumour cells. Anti-EpCAM magnetic beads labelled 93% of cells compared to 98% of cellbinding of anti-EpCAM alone ([Fig 3A](#pone.0163705.g003){ref-type="fig"}), demonstrating the high binding specificity of the beads to EpCAM-positive cells.

![Cell recovery using magnetic beads.\
**A)** Flow cytometry analysis of SW480 cells incubated with anti-EpCAM antibody, beads coated with anti-EpCAM or magnetic beads alone. **B)** Capture efficiency (%) of SW480 cells with magnetic beads functionalised with anti-EpCAM (40 μg/μL) at different cell numbers. **C)** Capture efficiency (%) of MDA-MB-231 cells (10000) using anti-EpCAM beads or anti-EGFR beads (40 μg). Isolation was performed sequentially: EpCAM-EGFR or EGFR-EpCAM (1 or 2 indicates first or second isolation step, respectively). **D)** Capture efficiency (%) of SW480 cells (23.25±5.08) spiked in donor control PBMCs (9 or 18 million) for different amounts of anti-EpCAM beads (24 and 48 μg). Independent isolation assays, n≥3, (duplicates per condition). E) Capture efficiency (%) of SW480 cells (22.81±15.40) spiked in donor control PBMCs using 5.8 μg anti-EpCAM beads per million. Three independent isolation assays (n≥3 replicates per assay).](pone.0163705.g003){#pone.0163705.g003}

We next optimised the appropriate concentration of beads for magnetic separation by testing a concentration range of anti-EpCAM magnetic beads in SW480 colon tumour cells. For this, increasing numbers of cells were incubated with 40 μg beads following the same isolation protocol (timings and volumes). A higher beads/cells ratio led to a higher recovery percentage, with isolation efficiencies of 83.75%, 80.88% and 59.12% for 0.05, 0.1 and 1 million cells, respectively ([Fig 3B](#pone.0163705.g003){ref-type="fig"}). Using 85--95% as our reference in isolation efficiency, the adequate amount of beads per cell in PBS-2% BSA was very low, about 8-10x10^-4^μg.

To check if EGFR is a useful marker for cell isolation to compensate for the EpCAM limitation, we performed a magnetic isolation assay using anti-EGFR magnetic beads to compare the isolation efficiency to anti-EpCAM beads at the previous defined dose. For that, we selected a breast cancer cell line with low EpCAM expression (MDA-MB-231). Isolation with anti-EpCAM magnetic beads in MDA-MB-231 cells resulted in only 10% recovery while isolation with anti-EGFR magnetic beads enhanced recovery by up to 80%; regardless the order of isolation, anti-EGFR beads isolated significantly more cells than EpCAM for lowEpCAM expressing cell phenotypes ([Fig 3C](#pone.0163705.g003){ref-type="fig"}). Moreover, additional markers for cell isolation improved the yield and different fractions of isolated cells could represent distinct CTCs phenotypes.

Magnetic beads coated with anti-EpCAM or anti-EGFR could isolate tumour cells with high efficiency. To eventually use these beads in patient samples for CTCs isolation, we performed a virtual scenario to determine the most suitable amounts of beads in the presence of blood cells. It is important to take into account the number of PBMCs in samples because there is nonspecific bead binding to such cells (this behaviour was also observed with anti-EpCAM magnetic beads used in the CellSearch^®^ system and others; data not shown). For that, SW480 tumour cells were spiked in PBMC samples from healthy donors. To distinguish spiked cells from blood cells, the SW480 cell line was modified with a GFP. The number of spiked cells was 23 ± 5 per sample (9x10^6^ or 18x10^6^ PBMCs). [Fig 3D](#pone.0163705.g003){ref-type="fig"} shows the isolation efficiency using two amounts of beads (24 μg and 48 μg), which correlated inversely with that white blood cells. The best yield (90%) was obtained in spiked SW480 cell samples with 9x10^6^ PBMCs using 48 μg of beads. This study permitted us to determine that 5.8 μg is an adequate amount of beads per million PBMCs for use in sample patients. To test the beads dose we performed 3 independent assays of spiked tumour cells (SW480) in healthy blood using 5.8 μg per million PBMCs (medium capture efficiency \[%\] 98.26 ± 2.70) ([Fig 3E](#pone.0163705.g003){ref-type="fig"}). In addition, this concentration of beads (5.8 μg/million PBMC) allowed us to perform posterior validation by immunofluorescence without any interference.

### Isolation of CTCs using magnetic beads retains cells viability {#sec018}

To analyse the toxicity of magnetic beads during the immunoisolation of CTCs, we assessed the viability of purified cells in culture ([Fig 4A](#pone.0163705.g004){ref-type="fig"}). Tumour cells coated with beads were able to grow in culture as non-isolated wild type cells, reached confluence and could be unlimitedly plated. It must be taken into account that each cell division leads to a loss in beads burden, resembling the wild type phenotype more closely.

![Viability of captured tumour cells.\
**A, A´)** Microscopic images of spiked SW480 cells isolated from PBS (A) or healthy donor PBMCs (A´). **B)** Cell proliferation was measured by Alamar Blue assay after 24 h in culture. Each point represents the mean ± S.E.M. of 6 replicates per group.](pone.0163705.g004){#pone.0163705.g004}

Microscopy analysis showed no phenotype differences between magnetic beadsisolated cells and non-isolated wild type cells. Although the uptake of magnetic beads by cells was proven due to their small size, no impact on the proliferation cell rate was observed ([Fig 4B](#pone.0163705.g004){ref-type="fig"}).

These data confirm that the proposed protocol for CTCs isolation does not affect cell viability, encouraging further steps regarding CTCs culturing and characterisation. We confirmed that different tumour cell lines (SW480, MDA-MB-231, MCF7, A549) isolated with magnetic beads were able to grow in culture (data not shown), further demonstrating the universality of the CTCisolation protocol independently of tumour cell line type. Tumour cells isolated with magnetic beads from PBMCs from healthy donors (previously spiked) were able to grow in culture as well (data not shown).

### Magnetic beads for CTCs isolation from blood of patients with cancer {#sec019}

Finally, to validate our approach in patients with metastatic cancer we isolated PBMCs from a cohort of 22 patients with colon (n = 7), prostate (n = 4), breast (n = 4) and endometrial (n = 7) cancer and disseminated disease. Samples were incubated as previously described with 5.8 μg beads per million PBMCs for each patient (16.01 ± 12.20 million PBMCs). The observed variability on the PBMCs number per patient was dependent on the healthy state of the patient due to the tumor burden or the chemotherapy treatment. The dose was selected taking into account the previous study (beads per million PBMC) and 10% extra (due to the variability in the number of CTCs). Incubation was performed sequentially with beads functionalised with anti-EpCAM and anti-EGFR antibodies. To check epithelial origin and to discard blood cells, we performed an immunofluorescence assay on isolated cells in which pan-cytokeratin-positive; CD45-negative and nuclear stained (Hoechst) cells were considered as bona fide CTCs ([Fig 5](#pone.0163705.g005){ref-type="fig"}).

![CTCs isolated with magnetic beads from blood from patients with metastatic cancer.\
Representative immunofluorescence for Hoechst (blue, for nuclei staining), pan-cytokeratins (green), CD45 (red) and merge of CTC isolated from a patient with metastatic breast cancer (upper panel). Merge for indicated staining of CTCs isolated with anti-EpCAM, anti-EGFR or anti-FGFR magnetic beads. The size of each CTC is indicated in μm.](pone.0163705.g005){#pone.0163705.g005}

We conducted in parallel the quantification of CTCs isolated from patients by immunofluorescence and CellSearch^®^ analysis ([Table 3](#pone.0163705.t003){ref-type="table"}). We detected the presence of CTCs (CK+; CD45-; nucleus) isolated with anti-EpCAM, anti-EGFR and/or anti-FGFR magnetic beads in 95.45% of the samples as compared to CellSearch^®^ data (in only one case we did not detect CTCs by our procedure while CellSearch^®^ did).

10.1371/journal.pone.0163705.t003

###### Comparison of CTCs isolated by CellSearch or magnetic beads coated with anti-EpCAM, anti-EGFR or anti-FGFR from patients with metastatic cancer.

Total refers to the sum of the three fractions.

![](pone.0163705.t003){#pone.0163705.t003g}

  Sample   TUMOR         CellSearch   EpCAM   EGFR   FGFR   Total
  -------- ------------- ------------ ------- ------ ------ -------
  1        Colon         8            10      4      2      16
  2        Colon         10           3       9      2      14
  3        Colon         3            3       0      1      4
  4        Colon         7            4       3      1      8
  5        Colon         0            0       0      0      0
  6        Colon         8            1       2      1      4
  7        Colon         4            0       0      0      0
  8        Prostate      6            9       9      1      19
  9        Prostate      6            8       4      7      19
  10       Prostate      1            4       1      1      6
  11       Prostate      4            7       0      0      7
  12       Breast        0            5       1      2      8
  13       Breast        3            0       1      0      1
  14       Breast        0            0       0      0      0
  15       Breast        4            6       1      3      10
  16       Endometrial   0            2       0      1      3
  17       Endometrial   0            3       4      1      8
  18       Endometrial   0            0       0      1      1
  19       Endometrial   0            0       0      0      0
  20       Endometrial   0            6       0      0      6
  21       Endometrial   1            1       0      0      1
  22       Endometrial   3            2       3      1      6

We isolated CTCs with anti-EpCAM magnetic beads with the same efficiency as CellSearch^®^ in 9.09% of the samples and with even higher efficiency in 45.45% of the cases ([Table 3](#pone.0163705.t003){ref-type="table"}). The total amount of CTCs (isolated with EpCAM, EGFR and FGFR) was higher than that detected by CellSearch^®^in 68.18% of samples analysed with statistical significance (p = 0.0037). It is worth mentioning that, in the paired analysed samples by CellSearch^®^ and EpCAM fraction, there is no statistical significance (p = 0.73), showing the reliability of the proposed method.

We found the rate of CTCs in the EpCAM, EGFR and FGFR fractions highly in accordance with the results obtained with the cell lines. However, cell lines show 1--2 times higher expression of EpCAM and EGFR, considering all tumour types together or colon, breast and prostate tumoursindependently. The exception was the percentage of CTCs isolated with anti-EGFR in prostate tumourswhich was almost 4 times higher than that observed in the PC-3 cell line. Although FGFR isolated CTCs from the blood samples, it was less efficient than EpCAM or EGFR, which was in agreement with the analysedtumour cell lines.

Taking into account the cut-off of 5 CTCs in breast and prostate cancer and 3 CTCs in colon cancer which classifies patients with the worst prognosis using CellSearch^®^, there is an underestimation of CTC number in the majority of patients analysed when comparing total CTCs isolated with our coated magnetic beads. Although CellSearch is not validated for endometrial cancer analysis, we found CTCs in 6 of 7 patients while CellSearch only detected CTCs in 2 samples. Regarding clinical data, 5 of 22 patients included in this work died during this study, of which four(patient 4, 6, 8 and 9) had CTCs isolated with anti-EGFR (3, 2, 9 and 4 CTCs, respectively) while patient 11, who had no CTCs in the EGFR fraction, died from a tumour-independent cause. To check a possible correlation between the number of EGFR+ CTCs and worse prognosis, we performed a statistical analysis and found a positive correlation (Spearman coefficient = 0.575; *p* = 0.0249) ([Fig 6A](#pone.0163705.g006){ref-type="fig"}), not found for the EpCAM+ or FGFR+ CTCsfraction (data no shown). Kaplan--Meier analysis showed that higher levels of EGFR+ CTC (\>1) were significantly associated with lower overall survival (Log Rank, p = 0.013) ([Fig 6B](#pone.0163705.g006){ref-type="fig"}). Moreover, progression free survival was also lower in the group of patients with more than 1 EGFR + CTCs, although does not reach statistical significance ([Fig 6B](#pone.0163705.g006){ref-type="fig"}). In addition, the presence of EpCAM + CTCs was associated with poor progression free survival in the analysed patients using coated magnetic beads (data no shown).

![EGFR-positive CTCs correlates with worse prognosis.\
A) EGFR-positive CTC enumeration from patients with colon, prostate and breast metastatic cancer (from [Table 3](#pone.0163705.t003){ref-type="table"}); ([Spearman rank correlation coefficient](https://en.wikipedia.org/wiki/Spearman's_rank_correlation_coefficient) = 0.575, p\<0.05). B) Kaplan--Meier plot of overall survival or progression free survival based on EGFR-positive CTCs isolation.](pone.0163705.g006){#pone.0163705.g006}

To check if the isolated fractions represent tumoral subpopulations with differential phenotypes we performed gene expression analysis by RT-qPCR of CTCs isolated from patients with prostate metastatic cancer (n = 8; 26 ± 19.79 x 10^6^ PBMCs) using anti-EpCAM, anti-EGFR and anti-FGFR magnetic beads. The EGFR-isolated fraction expressed ALDH1 (p = 0.0391) and SNAIL (p = 0.0156) diferentiallycompared to the EpCAM fraction ([Fig 7](#pone.0163705.g007){ref-type="fig"}).

![EGFR isolated CTCs depict differential subpopulation.\
Gene expression profiling of indicated genes in isolated CTCs from patients with metastatic prostate cancer using coated magnetic beads for the three fractions: EpCAM (inblack); EGFR (in green) and FGFR (in grey); (n = 8). CellSearch data regarding CTC number for each patient is summed in the box. Wilcoxon signed rank test, \*p \< 0.05.](pone.0163705.g007){#pone.0163705.g007}

Discussion {#sec020}
==========

Carcinoma cells lose their epithelial features to change cell adhesion, activate proteolysis and to acquire motile properties for migration.Although a large number of cells enter the bloodstream in patients with cancer, only a small proportion of CTCs is able to survive, leave the bloodstream and colonise distant organs. Cells that undergo EMT have modified expression patterns of surface markers and currently platforms that capture CTCs do not cover all phenotypic heterogeneity of this tumour population\[[@pone.0163705.ref034], [@pone.0163705.ref035]\]. CTC detection relies so far on the epithelial characteristics of carcinoma cells. In fact, the CellSearch^®^ platform is only capable of capturing EpCAM-positive CTCs but not CTCs that are EpCAM-low or EpCAM-negative. EpCAM is used as an epithelial marker to capture CTCs; however, it has been described as having dynamic expression (may be downregulated or absent) associated with EpCAM loss during dissemination into the blood, cancer progression and metastasis \[[@pone.0163705.ref010], [@pone.0163705.ref036]--[@pone.0163705.ref038]\]. EpCAM has a dual role as a tumour suppressor gene or as an oncogene \[[@pone.0163705.ref039]\], and it has been proposed that epigenetic dysregulation could underlyieEpCAM expression. The phenotypic heterogeneity of EpCAM between epithelial tumours is well known, and it is found even among individual CTCs within the same sample\[[@pone.0163705.ref040]\]. Heterogeneity in EpCAM expression and the lack of cancer type-specific markers in most cancers limits CTC quantification. Thus, there is an urgent need for theinclusion of additional markers for optimising CTC detection methods. For example, Zhang and co-workers detected, isolated and characterisedEpCAM-negative CTCs present in the blood of patients with breast cancer \[[@pone.0163705.ref037]\]. They proved that current methods underestimate a CTC population with no EpCAM expression. Thus, the loss of EpCAM expression may explain the low CTC number in some patients with metastatic breast or prostate cancer, among other tumour types.

To recover CTCs with low or no EpCAM expression, we developed versatile magnetic beads. We demonstrated that using a combination of surface markers coated to the magnetic beads improves the recovery rates of spiked cells compared to EpCAM alone. We selected EGFR in addition to EpCAM to isolate CTCs; by using both markers (EpCAM and EGFR) we are able to cover all phenotypes in the selected cell lines.

This new approach resolves EpCAM dependency and encompasses a wide range of phenotypes, including mesenchymal features. It has been reported that cell lines with low EpCAM expression show low expression of other epithelial markers (cytokeratins 8, 18 and 19) or E-cadherin with high expression of vimentin\[[@pone.0163705.ref041]\]. Moreover, Punnose and colleagues reported that EGFR is highly expressed in low-EpCAM cells, thus suggesting that CTCs may be difficult to capture using a purely EpCAM-based capture mechanism. We confirm that EGFR is an alternative EpCAM-independent marker as we improved the recovery rates of the low EpCAM cell line MDA-MB-231. Moreover, we were able to efficiently isolate CTCs from patients with metastatic cancer with magnetic beads functionalised with anti-EGFR antibodies.

EGFR belongs to the HER/ErbB family of tyrosine kinase receptors. EGFR activation disrupts cell-cell adhesion by destabilizing the E-cadherin/β-catenin complex, promotes EMT and contributes to the acquisition of a motile phenotype, providing a link between oncogenic activation of these kinases and the induction of EMT \[[@pone.0163705.ref042]\]. EGFR function is frequently dysregulated in epithelial tumours, and EGFR signalling has been shown to play an important role both in cancer progression and in EMT-like transitions. Furthermore, the EGFR pathway controls proliferation, angiogenesis and apoptosis inhibition \[[@pone.0163705.ref043]\] and a statistically significant correlation between EGFR positive CTCs and cytokeratin-; vimentin+ and Slug+ CTCs has been reported, suggesting that CK- CTCs with higher EGFR expression reflect EMT \[[@pone.0163705.ref044]\].

Post-isolation protocols to identify CTCs are so far based on cytokeratin expression (mainly CK8/18/19), however, it seems clear that that during the progression of EMT, the down-regulation of EpCAM and CK is part of an oncogenic pathway that increases tumourinvasiveness and metastatic potential. Failure to detect CTCs or the existence of invisible CTCs due to thedownregulation or absence of CK have been published \[[@pone.0163705.ref045], [@pone.0163705.ref046]\]. It is therefore imperative to develop an alternative strategy aside from CK staining alone, regardless of the type and stage of cancer, to identify CTCs efficiently. The use of tissue specific or EMT markers could help to identify a higher number of CTCs.

It is worth mentioning that we detected several CK-; and CD45- cells when isolated with EpCAM, EGFR or FGFR; these cells had probably lost their epithelial phenotype and hence cytokeratin expression. It is likely that if these cells had been validated using other markers (mesenchymal or stemness) the total amount of detected CTCs would had been higher. Moreover, in some patient samples we found a significant amount of double-positive cells (CK+; CD45+), suggesting that there is a mixed population with unknown origin and clinical significance so far \[[@pone.0163705.ref047]\]. CTCs could have important crosstalk with the immune cells which explains the presence of both markers (CD45, CK) in some cells.

FGFR, the other marker used in this work for CTC isolation, plays a pivotal role in tumorigenesis due to the regulation of diverse processes such as cell survival, proliferation, inflammation, metastasis and angiogenesis \[[@pone.0163705.ref048]\]. A recent work demonstrated for the first time that the FGFR pathway regulates angiogenesis-dependent tumour growth \[[@pone.0163705.ref049]\]. In bladder cancer, BGJ-398 (an FGFR inhibitor) did not inhibit primary tumour growth but blocked the production of CTCs and the formation of lymph node and distant metastases in mice bearing orthotopically implanted mesenchymal UM-UC3 cells. Thus,FGFR1 is expressed by the mesenchymal subset of bladder cancer cells suggesting that the tumour EMT phenotype is an important determinant for the biological effects of FGFR inhibitors in patients\[[@pone.0163705.ref050]\]. Moreover, in aggressive prostate tumours, a novel molecular network, involving CRIPTO, AKT and FGFR signalling, was described in mesenchymal-like cancer cells\[[@pone.0163705.ref051]\]. All this suggests that FGFR could be a potential target for cancer treatment pointing to CTCs to avoid metastasis dissemination, but it is important to define the transcriptional targets responsible for mediating EMT.

We isolated low numbers of CTCs using anti-FGFR-coated magnetic beads from patient samples which correlates with the tumor cell line data. This minority subpopulation of CTCs could present a more mesenchymal phenotype and could be involved in the metastasis process\[[@pone.0163705.ref052]--[@pone.0163705.ref055]\]however, further studies must be done to confirm it. There is continuous change in both tumour and environmental influences that determines which cancer cell subpopulations are able to survive, proliferate, resist therapy or expand through the body. It has been postulated that each cell of a tumour is unique. In this sense, single-cell technology has been proposed as an alternative for identifying CTCs from enriched CTC samples \[[@pone.0163705.ref056]--[@pone.0163705.ref058]\].

In this work, we developed magnetic beads to isolate different subpopulations of CTCs from patients with metastatic cancer. It is worth mentioning that we can recoveredEpCAM-positive cells from patients samples as CellSearch did and at a higher ratio if the additional markers are considered. Taking into account that EpCAM-positive CTCs isolated from patients with metastatic cancer present a hybrid epithelial-mesenchymalphenotype \[[@pone.0163705.ref026], [@pone.0163705.ref059]\], we might suppose that an EpCAM-negative population will express EMT markers at a higher rate. In fact, we found overexpression of a stemness marker (ALDH1) and an EMT marker (SNAIL) in the EGFR fraction compared to the EpCAM fraction, confirming that our technology was able to isolate phenotypically different subpopulations of CTCs from the same patient. Moreover, although further monitoring of patients is required, there was a noticeable positive correlation between the number of EGFR+ CTCs and worse prognosis and overall survival, pointing to the EGFR+ subpopulation as more aggressive tumoral cells. Our findings suggest that sequential isolation of CTCs with EpCAM-independent markers improves subpopulation detection and reinforces the idea of the underestimation of the whole CTC population using only EpCAM-based isolation.

Metastatic cells could have lost their epithelial features, so it is necessary to incorporate other markers for CTC isolation and identification to avoid losing other subpopulations of CTCs. Functional assays could help to confirm CTC subpopulation features and the monitoring of patients could yield useful information of the prognostic value of these markers. Moreover, if the isolated CTC subpopulations grow *in vitro*, they could be tested for different proliferation or migration capabilities depending on their phenotype and allow the definition of molecular targets for personalised medicine and for *in vitro* monitoring of the therapy response. The other advantage of these magnetic beads is their versatility that permits the isolation of CTCs using other markers based on the tumour type and/or the molecular analysis of the primary tumour.
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###### Flow cytometry analysis.

**A)** Summary of Median Fluorescence Intensity of flow cytometer analysis of listed cell lines and markers. **B)** Flow cytometry analysis of SW480 and MDA-MB-231 cells incubated with anti-EpCAM (in blue), anti-EGFR (in orange) antibody or unlabelled cells (in red).
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Click here for additional data file.

###### Characteristics of human tumor cell lines.

(DOC)
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Click here for additional data file.
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